ABSTRACT: HNO can interact with numerous heme proteins, but atomic level structures are largely unknown. In this work, various structural models for the first stable HNO heme protein complex, MbHNO (Mb, myoglobin), were examined by quantum chemical calculations. This investigation led to the discovery of two novel structural models that can excellently reproduce numerous experimental spectroscopic properties. They are also the first atomic level structures that can account for the experimentally observed high stabilities. These two models involve two distal His conformations as reported previously for MbCNR and MbNO. However, a unique dual hydrogen bonding feature of the HNO binding was not reported before in heme protein complexes with other small molecules such as CO, NO, and O 2 . These results shall facilitate investigations of HNO bindings in other heme proteins. H NO has recently been found to play significant roles in many biological processes, such as vascular relaxation, enzyme activity regulation, and neurological function regulation.
H
NO has recently been found to play significant roles in many biological processes, such as vascular relaxation, enzyme activity regulation, and neurological function regulation. 1À4 Its pharmacological effects include enhanced cell oxidative stress, blood-brain barrier disruption, and neutrophil infiltration during renal ischemia/reperfusion. 5À7 Investigations of the HNO involvement in heme protein functions can be traced back to early studies of biological denitrification processes in plants, bacteria, and fungi by nitrite and nitric oxide reductases. 8, 9 Other heme proteins, such as nitric oxide synthase, peroxidase, and cytochrome P450 nitric oxide reductase have also been suggested to include HNO as an intermediate in their catalytic cycles. 10À13 In addition, various heme proteins including metmyoglobin, methemoglobin, ferricytochrome c, oxymyoglobin, myoglobin, cytochrome P450, and horseradish peroxidase were used to scavenge HNO. 1 However, to our best knowledge, no X-ray crystal structures have been reported for any HNO protein complexes and structural details of the HNO heme protein complexes at the atomic level are largely unknown. Recently, the first stable HNO heme protein complex, MbHNO (Mb, myoglobin) was isolated 14, 15 and characterized by NMR, resonance Raman, and X-ray absorption spectroscopic techniques. 16, 17 The NMR chemical shifts and NO vibrational frequency were found to be sensitive probes of heme active sites and bonding environments of HNO/NO À metal complexes. 9 ,18À20 More recently, a novel isomer (here called MbHNO-B) was reported to coexist with the previously discovered isomer MbHNO-A, on the basis of NMR observations. 21 These results provide useful information to derive the first HNO-heme protein structural models. In fact, two MbHNO models have already been proposed based on the analysis of NMR results and force field calculation. 16, 21 However, as discussed below, the prior models are unable to help understand many experimental results, which promoted us to evaluate various possibilities of MbHNO structural models using rigorous quantum chemical calculations, experimental NMR and Raman data, related protein crystallographic information, and experimental stability and reaction results. There is a growing body of work using combined X-ray, NMR, and computational studies to investigate protein active sites. 22À25 The used methods were established previously, which well reproduced both geometric and spectroscopic properties in a number of HNO and RNO (R = alkyl and aryl) metal complexes; 26 see details in the Supporting Information.
In the first structural model proposed for MbHNO-A, 16 HNO binds with the iron center via the N atom and there is one hydrogen bond (HB) with the distal His residue, which, however, was recognized to account for only partial stabilization effect for HNO binding in Mb. This is because HNO binding in Mb was experimentally observed to be much more stable than that for O 2 , 9 which is isoelectronic to HNO and also has the same distal His HB. Interestingly, as shown in Table 1 So, what could offer the additional stabilization effect? Previous work on HNO dimer and synthetic HNO metal complex 28, 29 show that HNO can be simultaneously involved in two hydrogen bonds via the terminal H and O atoms. Our prior investigations using the water molecule as a HB probe also indicate that the dual HB model is capable of supplying additional stabilization force for HNO binding 26 and provides qualitatively the best improvement in spectroscopic property predictions compared to either of the two mono HB models. However, as illustrated in Figure 1 , in the Mb active site, except for the distal His residue, no other nearby residues have side chains that could form the HB with HNO. Nevertheless, there is a space for a water molecule and water is known to be viable in proteins. As a matter of fact, the active site water molecule has been found to play significant roles in some heme protein functions. 30, 31 Therefore, a HB set of distal His and water for HNO was investigated in this work.
Because of the dissymmetry between His and water, there are in principle two kinds of dual HB models, 3 and 4, consistent with the experimental observation of two MbHNO isomers. Interestingly, as shown in Figure 2 , these two models involve two different HNO rotational conformations. They also involve two different distal His conformations (i.e., N ε and N δ protonated), which have been reported previously in the X-ray crystallographic and vibrational spectroscopic investigations of a number of MbCNR systems 32, 33 and in the experimental and computational studies of ferric/ferrous myoglobin-NO complexes. 34, 35 It should be noted that the specific dual HB model 4 is the first one that enables excellent quantitative agreement with three experimental characteristic spectroscopic properties for MbHNO-A; see Table 1 . The slightly upfield experimental 1 H NMR shift of MbHNO-B compared to MbHNO-A 21 was also reproduced, as seen from the results of 3 versus 4. The 15 N NMR shift in MbHNO-B is again predicted to be upfield than that in MbHNO-A, which is also consistent with the unpublished experimental result (Patrick J. Farmer, personal communication). Upon examination of the geometric parameters shown in Table 1 , the most significant difference between 3 and 4 is in the NH bond length, which is 0.006 Å, compared to the 0.001 Å differences in NO as well as FeN bond lengths. These results suggest that the NH bond is more contracted in MbHNO-B than that in MbHNO-A, which may result in relatively higher electron densities around H and N atoms in MbHNO-B and consequently larger shielding or smaller shift as observed experimentally for MbHNO-B.
To more rigorously evaluate the four basic HNO binding motifs in 1-4, a reduced χ 2 analysis and Bayesian probability (or Z-surface) technique 36 were employed. The calculations were done for MbHNO-A, since it has three experimental spectroscopic measurements. All of the three properties (ν NO , δ H , δ N ) were included in the statistical analyses (see the Supporting Information for computational details). A small χ 2 value indicates small deviation from the experiments, and a large Z value means high probability. As shown in Table 2 , both types of statistical analyses consistently show that the dual HB models are of much smaller errors and much higher probabilities than the mono HB models, with 4 being the best model for MbHNO-A, in accordance with our above conclusions.
In addition, the energetic properties also support the above conclusions. The calculated HB energies in 3 and 4 show additional 8.30À9.00 kcal/mol stabilization forces compared to the respective mono HB models 1 and 2. These effects lead to ca. 4À5 kcal/mol stronger binding forces for 3 and 4 than that in MbO 2 , consistent with the observed higher stability of MbHNO over MbO 2 . 9 Interestingly, experimental studies show that even photolysis or heating could not remove the second isomer that coexists with the original isomer, 21 indicating that both isomers are of similarly high stability. This is in good accordance with the above energy results. Therefore, both spectroscopic and stability results here show that, among the four basic models, 4 and 3 are the best ones for MbHNO-A and MbHNO-B, respectively.
To further examine these HNO binding motifs in Mb, two additional sets of quantum chemical geometry optimizations were done with different scopes of terminal groups of protein residues fixed at the X-ray crystal structure positions of a similar heme protein system MbCO (the same as used before in generating the first MbHNO model 16 ) to mimic the protein environment effect. In contrast with the above fully optimized models 1-4, the protein residues' terminal C β H 3 groups are fixed in 1 0 À4 0 . As shown in Table 1 , results are similar to those from using 1À4. In fact, the maximum differences of the predicted spectroscopic properties in 1 0 À4 0 with respect to 1À4 are all within a small range of 0.4À0.9%. Compared to the data of 1À4 and 1 0 À4 0 with protein residues truncated at C β positions, results from using the C R truncated 1 00 À4 00 with their terminal C R H 3 groups fixed at X-ray geometries are also similar; see Table 1 . These results support the basic HNO binding features obtained from using 1À4. Nevertheless, the statistical data shown in Table 2 indicate that the quantitative agreement with MbHNO-A experiments follow the trend of 4 00 > 4 0 > 4, consistent with the fact that 4 has no consideration of protein environment effect, 4 0 includes this effect up to C β places, and 4 00 contains the largest scope of this effect (up to C R positions) in these three models. Overall, statistical analyses of all these models show that the dual HB models are much better than the mono HB models, with the His 3 3 3 HNO 3 3 3 H 2 O motif in 4, 4 0 , 4 00 being consistently the best in each series of the models for MbHNO-A.
Besides the dual HB models, another hypothesis was proposed earlier for the two MbHNO isomers. It was suggested that the new isomer has its heme ring flipped compared to MbHNO-A, due to the use of the reconstituted protein. 21 Previous studies show that the heme orientational disorder due to protein reconstitution decays with respect to time and the final spectra become the same as with the native proteins of only one heme conformation. 37 However, for MbHNO, similar changes were not reported. In fact, even with photolysis or heating the two isomers still coexist. Moreover, reaction details suggest that the synthesis of the new isomer is correlated with the way of generating HNO, rather than the heme orientation due to protein reconstitution. 21 For instance, even though the reconstituted proteins were used in both syntheses, MbHNO-B was prepared only from using NaNO 2 /NaBH 4 , while only MbHNO-A was reported from using a more mild reducing agent Na 2 S 2 O 4 compared to NaBH 4 . In addition, for the same reconstituted protein that contains the new isomer, the reactions of first oxidizing it, then reducing it to Fe II Mb, and finally reintroducing HNO with the old method (not the new NaNO 2 /NaBH 4 method) resulted in only the old isomer, MbHNO-A.
To computationally investigate the heme ring flipping effect, protoporphyrin IX was used, for which the heme peripheral substituents were kept except that the propionate terminal CO 2 À group is modified to CH 3 . Results of using the first proposed MbHNO-A model, Fe(protoporphyrin IX)(HNO 3 3 3 His) 5, and its heme ring flipped one Fe(protoporphyrin IX)(HNO 3 3 3 His)-flip 6, as well as the two dual HB models 7 and 8 are shown in Table 1 . The predicted small difference in the δ H values between 5 and 6 is similar to the experimental ring flipping effect reported previously for MbCO. 37 However, as exemplified by the substantial errors in the predicted 15 N NMR chemical shifts for 5 and 6, together with their less stable mono HB features for HNO, these two models are unlikely to be the actual MbHNO 32À35 In addition, they also highlight the role of the active site water molecule as found with other heme proteins. 30, 31 The heme ring flipping effect was found to yield small NMR shift differences as observed experimentally in a similar heme protein system, 37 but this effect is unlikely to account for the reported two MbHNO isomers due to inconsistence with some experimental spectroscopic, stability, and reaction results. It is interesting to note that the dual HB feature is unique for HNO binding in Mb, compared to the bindings of other small molecules such as CO, NO, and O 2 . These results shall facilitate investigations of HNO interactions with other heme proteins.
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